Abstract-Reach-through avalanche photodiodes (RT-APDs) from Hamamatsu Photonics, with different active areas, and mm , were investigated to evaluate their suitability for the muonic helium Lamb shift experiment. The gain has been determined as a function of voltage and temperature for both prototypes. As expected, it increases with increasing bias voltage and with decreasing temperature. The gain variation with temperature is smaller than per C even for higher bias voltages applied to the RT-APD. The non-linearity between gain obtained for X-rays and visible light pulses has been investigated for different temperatures. The non-linearity was found to increase with decreasing temperature. For example at 350 V, it is as high as 25% at C and about 10% at 20 C. The RT-APDs performance for the detection of 8 keV X-rays has been investigated. The best energy resolution was achieved for the larger prototype for a temperature of 0 C. The minimum energy resolution values, between 9.2 and 9.9%, were obtained for gains between 55 and 80. The minimum detectable energy observed is about 0.2 keV for the higher gain region, for both RT-APDs, investigated, with no significant improvement at lower temperatures.
I. INTRODUCTION
A VALANCHE PHOTODIODES (APDs) are monolithic devices made of silicon, where photons are converted into free charge carriers in the active volume with further multiplication in the p-n junction, giving rise to an avalanche process via impact ionization [1] . Nowadays, they are extensively used in various fields such as high-energy physics, medical imaging, aerospace applications, optical communications, gamma-rays detection as photosensors coupled to scintillators, soft X-rays detection, among others [2] , [3] , [4] , [5] , [6] , [7] , [8] , [9] , [10] , [11] . The main advantages of APDs are low bias voltage, compactness, robustness, broad spectral response and insensitivity to magnetic field. Their high gain and consequently higher signal-to-noise ratio make them more attractive than Si PIN diodes. They present however some drawbacks when compared to photomultiplier tubes (PMTs), such as lower gains, gain dependence on temperature and voltage fluctuations, large excess noise factor and small active areas [1] , [11] , [12] . Moreover, their enhanced quantum efficiency and insensitivity to magnetic fields [11] make them interesting for specific experiments when comparing with PMTs.
Reach-through avalanche photodiodes (RT-APD) are silicon APDs with a thicker depletion region, which makes them more efficient for X-rays detection below 20 keV [13] , [14] than regular APDs. The main disadvantage remains the manufacturing technique of large area prototypes, which is not sustainable and reliable. Companies such as Hamamatsu Photonics and Perkin Elmer are producing RT-APDs, although with small detection areas [15] , [16] .
The main objective of this work is to investigate the performance of RT-APDs from Hamamatsu Photonics with different active areas, and mm , for low-energy X-rays detection in view of the muonic helium Lamb shift experiment [17] , where 8 keV X-rays need to be detected with good efficiency. In the predecessor experiment, muonic hydrogen Lamb shift, [18] , [19] , large area avalanche photodiodes from Radiation Monitoring Devices (RMD) [20] were used to detect 2 keV X-rays. Those detectors were first selected for their high detection efficiency, which is above 90% for 2 keV X-rays. In addition, they present other interesting properties like good energy resolution, of about 15%, compactness, fast time response, large active areas of mm and finally insensitivity to magnetic fields up to (5 T) [11] , [18] , [19] . However, for 8 keV X-rays, the RMD LAAPDs have an efficiency of only 40%, motivating the investigation of RT-APDs as an alternative.
The performance characteristics of two RT-APD prototypes, with active areas of and mm , have been measured. Gain, minimum detectable energy and energy resolution have been determined as a function of bias voltage and temperature. The gain non-linearity between X-rays and visible light was also evaluated. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. depletion region of m. One is rectangular with mm active area and the other one is square with mm active area. The RT-APDs were glued to PCB and mounted on a titanium piece for efficient cooling, and connected to RAL 108A low-noise charge-sensitive preamplifiers [21] . A typical signal at the RAL preamplifiers output has about 200 ns rise-time, more than s fall-time and amplitudes of about 100-200 mV. According to the datasheets provided by the manufacturer, the relevant parameters of each type of RT-APD are listed in Table I .
II. EXPERIMENTAL SETUP
The RT-APDs, together with the respective preamplifiers, were placed inside a vacuum chamber for temperature control. Cooling of the system is provided by an alcohol system connected to the preamplifier mounting. Temperature stabilization within C is obtained. The preamplifier was connected to an Ortec research amplifier with integration and differentiation time constants of s, followed by a multi-channel analyzer (AmpTek Pocket MCA 8000A). A positive high voltage power supply was used to polarize the RT-APDs. A LED emitting in the visible light region, operating in pulse mode with -10 V amplitude and 100-500 ns width, was used. The LED was coupled to a light guide to transport the light pulses towards the APD surface. A Zn radioactive source emitting keV K and keV K X-rays was placed at 10.3 mm distance from the detector surface, together with the light guide. No collimator was used, the full active area of the detectors was irradiated by the two radiation sources. 
III. GAIN MEASUREMENTS
The APD strong gain dependence on the applied bias voltage is well known, as well as the gain variation with temperature. Another relevant aspect is the gain non-linearity between X-rays and visible light due to space charge effects in X-ray detection, leading to local gain variations [2] , [4] , [12] , [22] , [23] . The gain curves provided by the manufacturer at room temperature (25 C) were used as a reference for our measurements. The normalization was made for a bias voltage of 200 V, which corresponds to a gain of 39 for the prototype and 57 for the prototype (Table I) .
A. Gain Determination
The unitary gain was not determined in our measurements as no signals were detected at low voltages (for both X-rays or light pulses). The absolute gain was determined at 0 C for both RT-APDs as a function of bias voltage, using LED pulses, as shown in Fig. 2 . The gain was obtained by normalizing the light pulse amplitude to the manufacturer gain (Table I) . A correction factor was introduced by comparing the relative amplitudes obtained in each RT-APD at 25 C and 0 C. For lower bias voltages, the gain drops abruptly. This effect is probably due to the recombination of the primary electrons under very low electric fields, leading to partial charge collection. As seen in Fig. 2 , the gain is higher for the prototype at higher voltages, while it is about the same for both RT-APDs for lower voltages.
B. Gain Non-Linearity
The gain non-linearity takes place at higher gains due to high signal current densities produced by X-rays. The gain obtained for X-rays is lower than the one obtained for visible light and the difference increases with bias voltage. The non-linearity owes essentially to space charge effects with a consequent reduction of the local electric field, as well as local heating, due to the point-like nature of the X-rays interaction. To evaluate the gain non-linearity, the ratio between pulse amplitudes for 8 keV X-rays and visible light pulses from the LED, simultaneously illuminating the RT-APD active area, was determined, as described in [12] . Fig. 3 presents the gain obtained for X-rays and visible light as a function of bias voltage at 25 C, for the mm RT-APD. The two series of data points were normalized to the manufacturer gain values at 200 V (Table I ). In Fig. 3 is also displayed the dark current measured during measurements. As expected, light gain is higher than X-ray gain, increasing significantly for voltages above 400 V. Similarly, the dark current increases with increasing bias voltage, limiting the energy resolution obtained at higher bias voltages, as it will be shown in Section IV.
In Fig. 4 the ratio between 8 keV X-rays and visible light pulses is depicted as a function of the reverse bias voltage for different temperatures. The variation is not very large for lower voltages, increasing significantly for voltages above 300 V. The gain non-linearity increases with decreasing temperature. At 350 V, the gain non-linearity obtained for C, 0 C and 20 C is 25%, 18% and 10%, respectively. These results are in agreement with those obtained in [24] , where a non-linearity of 46% was obtained for 5.9 keV X-rays at 415 V. Nevertheless, the achieved values are significantly larger when compared to other types of APDs. For instance, at a gain of 200 and for 5.9 keV X-rays, gain non-linearities between 7% and 10% were measured with LAAPDs from Adanced Photonics Inc. [11] . For 5.4 keV X-rays and at a gain of 400, a 10% deviation was obtained for LAAPDs from Radiation Monitoring Devices [22] . However, as stated in [25] , the non-linearities obtained for prototypes with larger active areas are smaller when compared with those with smaller areas, the latter reaching gain non-linearities up to 30% to 50% for 5.9 keV X-rays at a gain of 100.
C. Temperature Dependence
Gain measurements have been performed at different temperatures for X-rays. Normalization to the gain provided by the manufacturer at 200 V and 25 C has been made. The trend observed at room temperature are reproduced also at lower temperatures: the gain increases with increasing voltage for both RT-APDs and decreases with increasing temperatures, as seen in Fig. 5 for the mm RT-APD type. For 350 V, the gain obtained at C is about twice the gain obtained at 20 C. In Fig. 6 , the X-ray gain is plotted as a function of temperature for different bias voltages, for the mm RT-APD. For a given bias voltage, the X-ray gain increases with decreasing temperature, as expected. For each voltage applied, the relative gain variation (in %) is approximately constant in the temperature range between C and 20 C, as shown by the exponential fits in Fig. 6 . The gain variation with temperature increases with bias voltage, being per C at 200 V and per C at 400 V. Comparable results were obtained for the mm prototype. Nonetheless, the variation is smaller than the one reported for other types of APDs [4] , [22] , where relative variations of per C were measured for the higher voltages applied. Even for the same type of RT-APDs, our result is smaller, than the one reported in [14] , where a variation of per C was found at 200 V.
IV. RESPONSE IN X-RAY DETECTION
The response of the RT-APDs has been evaluated in view of their implementation as X-ray detectors in the muonic helium Lamb shift experiment. The performance characteristics in the detection of 8 keV X-rays have been measured at different temperatures, including energy resolution and minimum detectable energy. Fig. 7 shows a typical energy spectrum for 8 keV X-rays, obtained for both RT-APDs at 0 C. The distributions are normalized to the same number of events in the X-ray peak region. The X-ray distribution of the mm Fig. 6 . X-ray gain as a function of temperature for the mm RT-APD prototype at different bias voltages. Exponential fits to data points are shown. prototype presents a well-defined Gaussian distribution, while the mm prototype shows larger asymmetry to the left of the X-ray peak, compromising the energy resolution obtained. Therefore, since just one prototype of each size was tested, solid conclusions cannot be driven by the trend shown. More prototypes needed to be tested to understand in full detailed what was the cause beyond this performance.
However, there is no significant tail towards the low-energy region, for both RT-APDs, unlike what has been reported in [11] and [22] . This reveals that almost all the 8 keV X-rays are fully amplified. The electronic noise tail observed in the energy distributions determines the minimum detectable X-ray energy.
A. Energy Resolution
The energy resolution is determined by several factors, such as statistical fluctuations in the number of primary electron-hole pairs and in the number of secondary electrons (gain) produced in the avalanche process, gain variations associated to non-uniform silicon resistivity and noise associated to the detector dark current and to the electronic system [11] . The gain non-uniformity affects the X-ray energy resolution due to the point-like absorption of the X-ray, while in light detection the primary electron-hole pairs are spread over the RT-APD volume [11] , [23] .
The energy resolution for 8 keV X-rays obtained at 20 C in both RT-APDs is depicted in Fig. 8 as a function of the X-ray gain. The best energy resolution achieved is 11% (FWHM) for the mm prototype, obtained at a gain of 55. For the mm prototype, the minimum value is 12.1% at a gain of 60. It is observed that the energy resolution degrades for higher gains. This is due to the increase of the dark current (see Fig. 3 ).
The temperature dependence of the energy resolution is shown in Fig. 9 . As expected, and similar to APDs from references [4] and [22] , the energy resolution improves for lower temperatures and degrades for higher gains due to the increase in bias voltage resulting in large local differences of the electric field and consequently larger differences in the avalanche multiplication gain. There is no significant improvement in the energy resolution below 0 C. The best energy resolution of 9.5% was achieved at 0 C for a gain of 55.
B. Minimum Detectable Energy
The minimum detectable energy (MDE) is defined as the channel in the spectrum where the number of counts in the noise distribution reaches 10% of the counts at the height of the X-ray distribution (centroid channel), the MDE being the corresponding energy at the channel normalized to the centroid of the 8 keV X-ray peak. The MDE as a function of gain for both RT-APDs at 0 C is presented in Fig. 10 . The MDE decreases with gain and is lower for the smaller prototype, although this difference is not significant. The best MDE value obtained is about 0.25 keV for higher gains; however, it is 0.9 keV in the gain region corresponding to the best energy resolution. The MDE was determined for different temperatures, see Fig. 11 for the mm RT-APD. MDE has a fast initial decrease with gain and tends to stabilize for high gains. It improves with decreasing temperature. Still this behaviour is not as significant as for other types of APDs [11] .
V. CONCLUSIONS
The new muonic helium experiment is being prepared at PSI and requires the use of X-ray detectors for 8 keV X-rays emitted by mounic helium ions. In the preceding muonic hydrogen Lamb shift experiment the detectors chosen for 1.9 keV X-rays emitted by muonic hydrogen atoms were planar LAAPDs from Radiation Monitoring Devices. RT-APDs with a depletion region as thick as m were investigated as possible X-ray detectors to be used in the muonic helium experiment. Two prototypes from Hamamatsu Photonic with mm and mm active areas were investigated. The best performance was achieved by the larger prototype. The best energy resolution achieved is 9.5% at 0 C and the minimum detectable energy attained is 0.25 keV. However, it is 0.9 keV in the gain region corresponding to the optimum energy resolution. The gain variation with temperature was found to increase with bias voltage, its relative variation being per C and per C for 200 V and 400 V, respectively. The gain non-linearity between X-rays and visible light pulses, was also investigated, showing an increase with decreasing temperatures. Indeed, for a bias voltage of 350 V at C a gain non-linearity of 25% is obtained, whereas at 20 C it is 10%. As a result of these values, the RT-APD prototype investigated have shown much worse performance than the planar APDs used before. In addition larger prototypes would be needed to cover the solid angle around the helium target in the experiment.
